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Abstract Due to sensitivity of consumers on power
quality and advancement in power electronics, Active Power
Filters (APF) continue to attract considerable attention. APF
technology is the most efficient way to compensate reactive
power and cancel lower order harmonics generated by
nonlinear loads. This paper presents a hysteresis current
control technique based on unipolar Pulse Width Modulation
(PWM) with time and magnitude errors control to reduce
switching losses and to improve the quality of output current.
The validity of proposed method and achievement of desired
compensation are shown by simulation results.
Keywords Active power filter, hysteresis current control,
PWM, voltage source converter
I. INTRODUCTION
Increasing demand of electric and electronic instruments
including non-linear loads (e.g. computers, power
electronic inverters and induction furnace) necessitates
investigations about stability maintenance, continuous
energy serving and power quality considering economic
concerns. Non-linear loads result in voltage and current
harmonics in distribution network.
Harmonics provide main problems in network like
power losses and excess heat. Thus, harmonic elimination
seems to be vital. Nowadays, active power filters (APF)
play effective role in distortion recognition and
elimination. These filters are classified with respect to
distortion determination strategy, inverter control
techniques, inverter topologies and their connection types
to the grid. Shunt filters are connected in parallel with
distribution networks. They recognize current distortions
by sampling the line current and compensate distorted
current components to maintain sinusoidal source current.
In most recommended grids, the reference signal can be
extracted by sampling and analyzing the input voltages and
load currents for harmonic and reactive power
calculations. These control methods require rapid and real-
time calculating blocks like high-speed digital
microprocessors and capable A/Ds, so cost increment,
circuit complexity and system stability reduction would be
inevitable.
Current control technique based on unipolar PWM
provides better stability and compensation with loss
reduction; efficiency increment and dc offset elimination
compare to bipolar PWM technique. This paper presents a
hysteresis current control technique based on unipolar
Pulse Width Modulation (PWM) with time and magnitude
errors control to reduce switching losses and to improve
the quality of output current.
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II. DISTORTION DETECTION BY REFERENCE FRAME D-Q-O
Several methods are used to recognize and extract
harmonic distortions which are classified as frequency,
time and time-frequency approaches. Fast Fourier
Transformer (FFT)[2] and adaptive neural network [1] in
frequency domain, synchronous reference frame theory d-
q-o (SRF) [3] and instantaneous active and reactive power
theory (pqr)[4] in time domain and the other methods such
as small wave technique and one-cycle control or
separation with suitable digital or analogue filters[5] have
wide applications.
In this approach, reference frame algorithm is used due
to simplicity in calculation and implementation.
Having measured three-phase currents in a-b-c
orientation, transformed to d-q-o by park equation:
Cos| cos(9 )IT cos(9 )4;T3 3 F,id 2T 4;T la~ 1
Liq sin sin(9 ) sin(9 ) ilb~1 1L'
T
L
vCi
O=00+Jo tdt (2)
Reference frame rotates synchronous with fundamental
currents. Therefore, time variant currents with fundamental
frequencies would be constant after transformation.
However, harmonics with different speeds remain time
variant in this frame. Thus, currents would be separate
simultaneously to DC and AC parts.
ld-ld+ld (3)
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AC part of d axis and whole current in q axis are used
for harmonics elimination and VAR compensation. Zero
current is produced due to a three-phase voltage imbalance
or waveform distortions which have not been considered in
this paper. Finally, compensated currents are determined
by adverse park application on d and q axis to be injected
to the network after tracing and reconstruction as shown in
Fig. 1.
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Conduction and switching losses of diodes and IGBTs
in inverters increase voltage ripple in DC-link which
1-4244-0111-9/06/$20.00 c2006 IEEE.
affects the performance of the filter. These effects are
controlled by a feedback loop where PI regulator compares
the DC-link voltage with a reference voltage to extract d
component of current.
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Fig. 1: Synchronous d-q-o reference frame based compensation algorithm
III. HYSTERESIS BAND CURRENT CONTROL APPROACH
Reference currents are generated by DC to AC
converters using a current control technique such as a
hysteresis control. The hysteresis band is used to control
load currents and determine switching signals for inverters
gates. Suitable stability, fast response, high accuracy,
simple operation, inherent current peak limitation and load
parameters variation independency make the hysteresis
current control as one of the best current control methods
of voltage source inverters. In this approach the current
error, (difference between the reference and inverter
currents) is controlled in hypothetical control band
surrounding reference current as shown in Fig.2.
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Fig.2: Conventional hysteresis band current controller
When the load current exceeds the upper band, the
comparator output activated so the output voltage is
changed in such a way to decrease the load current and
keep it between the bands and deactivated at lower limit.
Switching frequency varies with respect to distance
between upper and lower band. The other parameters like
inverter-network inductance and DC link voltage affect
significantly on the switching frequency.
Adaptive band definition considered as proper solution
in this problem to fix the switching frequency [6]. The
highest switching frequency is as follows [7]:
f
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Where, HB and L are hysteresis band and load
inductance, respectively.
IV. COMPARISON OF BIPOLAR AND UNIPOLAR CONTROL
Fig.3 shows a full bridge single-phase inverter
schematic that is connected in parallel to a non-linear load.
The inverter can be controlled in unipolar or bipolar PWM
method.
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Fig.3: Typical shunt APF connected in parallel with load
A. Bipolar control
In bipolar control, switches turn on and off
simultaneously and diagonally (i.e.S1, S3 or S2, S4) and
each leg activates supplementary (i.e. Si, S2 and S3, S4).
In fact there are two switching states for the inverter, in
first half cycle (positive voltage supply), error signal
moves in descending slope, having contact with the
hysteresis lower band, SI and S3 connect simultaneously,
VPN reach to +Vo and result in ascending error slope.
dit I ( Vg +Vo) (9)
Having current contact the upper hysteresis band, S2 and
S4 connected and produced -Vo between P and N. Vo
absolute value is bigger than Vg, inductance resultant
voltage would be negative and produce descendent
variations slope by error redirection.
di I(/Vg/==V0) (1 0)dt L /
It is obvious that applied voltage difference to inductor
is 2Vo in two half switching cycles.
"Vbipolar =/Vg /+Vo -(+/Vg /-Vo)= 2Vo (11)
Error slope variation is shown in Fig.4.
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Fig.4: Current and voltage waves with hysteresis band current control
(for APF under bipolar control mode)
B. Unipolar control
There are four switching states in this approach. In
unipolar control, when Vg>0 (reference current in
ascendant slope dicJdt>0), S3 is on in the reference current
half cycle, SI and S2 turn on and off periodically in
switching cycles. Thus Vo and zero voltages produce
between P and N so error signal slope is negative in
hysteresis band and periodically decreases and increase.
Originated current variations in reference current half
cycle is as follows:
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As the output voltages have three levels, +Vo, -Vo and
zero, the two switching states (similar to bipolar) can not
control the load current sufficiently. In this case more
bands are required to achieve different switching states
corresponding to different output voltages. As shown in
Fig.5, the reference current has a positive diJ/dt
from 0- 90° and the load current can follow the reference
current based on two voltage levels, +Vo and zero volts.
But when the reference current has a negative diJ/dt,
(90- 270°), the output voltage of inverter has to be
changed in such a case to generate negative diJ/dt for the
load current, thus more band are required to change the
voltage level from +Vo&O to -Vo&O. Current variation in
the second half cycle of the reference current is:
dic I Vg1 -VO) First half cycle of switching (14)dt L
di =I(- V |) Second half cycle of switching (15)
dt L
VPN has unit polarity in each half cycle of the reference
current, so this approach called unipolar control.
A\Vjnjpoiar (I Vg +Vo)- Vg
--Vg ( Vg I-VO)=Vo (16)
It is shown that the current control based on unipolar
PWM has a low switching losses or better performance
compare to the bipolar PWM due to less number of
switching transient per switching cycle.
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Fig.5: Current and voltage waves with hysteresis band current control (for
APF under unipolar control mode)
V. UNIPOLAR BASED ON TIME AND MAGNITUDE ERRORS
CONTROL
In hysteresis current control based on unipolar PWM, there
are two upper bands and lower bands in order to change
the slop of inverter output current based on there level
voltages, +Vo, 0 and -Vo. The idea is to keep the current
within the main area but the second upper and lower bands
are to change the voltage level in order to increase or
decrease the di,/dt of inverter output current. As shown in
Fig.6.(a) Al cannot be very small as the noisy signal
changes the switching time due to instantaneous
comparison between the load and the reference currents
and increases the switching losses; and it cannot be big as
the total harmonic distortion may be increased.
In APF, load current has several different slops within one
cycle and to have a fast current tracking, the control
algorithm in unipolar current control has been defined
based on magnitude and time errors control as shown in
Fig.6.(b). In this case, the second upper or lower band
values can be big enough in order to remove the noise
issue of the inverter output current but the second decision
to change the level is based on time error. For example,
when the load current exceeds the first upper band at t4, the
output voltage of inverter is change from +Vo to 0. The
controller waits for At, if the inverter output current does
not cross the second upper band within this period, then
the controller changes the output voltage from zero to -Vo
at t5. In this case, when the slop of reference current is
close to the slop of inverter output current, then the time
error control improves the quality of the APF and pushes
the inverter current into the main area.
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Fig.6: (a) noisy load current with upper and lower bands (b) unipolar
current control based on time and magnitude error control
For magnitude error control, two switches in inverter
legs are controlled with a main band and two other ones by
the second band in a unipolar PWM. Control signals
originated by the unipolar command circuit based on the
hysteresis current control are shown in Fig.7.
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Fig.7: Proposed unipolar control command circuit
In the first positive half cycle (Vg>0), S3 is permanently
on. Inductance voltage calculated as follows:
VL(ON) =Vg 0<t<dTs (17)
S1: OFF, S2: ON
VL (OFF) = Vg - Vo dTs < t < Ts (
SI :ON,S2 :OFF
For constant-frequency operation and quasi-steady-state
analysis, the average inductor voltage is approximately
t I 0
balanced during each switching cycle, that is:
VL (ON)AdTs+ VL (OFF).(1-d)Ts = 0
Substituting (17) and (18) in (19):
Vg.d + (Vg-Vo)(l-d) =O When Vg > 0
(19)
(20)
Vg.d+(Vg+V0)(l-d)=0 When Vg <0 (21)
Combining above equations provide relationship
between duty ratios of switches and input ac voltage as
well as dc bus voltage ofAPF inverter, that is
Vge =VO (]-d) (22)
Vge = V Vg > (23)
ge
-V Vg < 0
VI. SIMULATION RESULTS
Simulations are performed using Matlab and Simulink
platform for a non-linear load (a full bridge diode rectifier
with resistive load) and a single-phase voltage source
inverter produce and cancel the distorted currents as an
APF with the specifications shown in table 1.
TABLE I
DESIGN SPECIFICATIONS AND CIRCUIT PARAMETERS
Parameters Quantity
Switching frequency of inverter under variable
bipolar or unipolar mode control
Fundamental frequency 50 Hz
Supply voltage AC 150 V
Inverter DC bus voltage 200 V
Rectifier load resistance 5 Q
transmission line inductance 1 mH
Inverter inductance 2 mH
Cdc capacitor 1000 RF
According to simulation results (Fig.8, Fig.9 and
Fig. 10), the main part of load required VAR is supplied by
filter and only ten percent is extracted from supply
confirming a suitable power factor correction. Small
amount of active power is consumed as switching losses in
filter. The required load active power is provided by the
supply.
Load current, inverter injected current and compensated
supply current are shown in Fig. 1 .(a, b, c) respectively
and the supply current is relatively harmonic free.
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Fig.9: Inverter active and reactive power
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Fig. 10: Source active and reactive power
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Fig. I 1: (a) Load current; (b) Compensating current; (c) Supply current
waveforms after harmonic compensation
Comparing the load and compensated currents with two
methods, THD reduced from 22.76% in the load current to
0.36% and 0.39% in supply current for bipolar and
unipolar respectively. As shown in Fig.12, Fig.13, and
Fig.14 the main point is the THD of compensated supply
current for both methods are almost same (0.36% and
0.39%) while the switching losses of unipolar modulation
is 50% less than bipolar modulation.
Simulation results show suitable filter capability for
design objectives and acceptable efficiency because of loss
reduction.
Fig.8: Load active and reactive power
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Fig. 12: Harmonic spectrum of the nonlinear load current
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Fig. 13: Harmonic spectrum of the source current after compensation with
the bipolar current controller
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Fig. 14: Harmonic spectrum of the source current after compensation with
the unipolar current controller
VII. CONCLUSION
This paper proposed a unipolar PWM used in hysteresis
current control for active power filters based on time and
magnitude errors control in order to improve the quality of
output current and switching losses. The simulation results
show that for a same THD, unipolar modulation has lower
switching losses. In bipolar modulation the voltage stress
across the load is 2Vo while in unipolar modulation is Vo
and the switching losses of bipolar method is twice of
unipolar modulation as two pair switches are switched on
and off. Power quality improvement can be achieved in a
distribution network using this control approach in active
power filters.
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